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INTRODUCTION: 


Neurofibromatosis  type  2  (NF2)  is  an  inherited  condition  in  which  patients  have  a  tendency  to  develop  multiple 
schwannomas  and  meningiomas  (Eldridge,  1981).  Although  usually  benign,  these  tumors  can  compress  nerves  and 
tissues  leading  to  hearing  loss,  pain  and  obstruction  of  flow  of  cerebral  spinal  fluid.  In  many  cases  neurosurgical 
removal  of  tumors  is  not  feasible  without  extensive  damage  of  surrounding  normal  tissue.  These  preclinic al  studies 
were  designed  to  evaluate  the  effectiveness  of  gene  therapy  for  experimental  tumors  similar  to  those  found  in  NF2 
patients  using  HSV-1  replicational-conditional  and  amplicon  vectors  in  mouse  models  of  NF2  tumors.  An 
oncolytic  HSV-1  recombinant  virus  vector,  G47A,  was  used  which  replicates  selectively  in  and  thereby  kills  tumor 
cells,  and  an  HSV-1  amplicon  vector  was  generated  to  express  an  apoptotic  protein,  caspase-1,  which  kills  infected 
cells.  Mouse  models  included  a  transgenic  mouse  expressing  a  dominant  mutant  form  of  merlin,  a  floxed  mouse  in 
which  the  NF2  gene  can  be  inactivated  by  Cre  recombinase,  and  subcutaneous  implantation  of  human  meningiomas 
and  schwannomas  in  nude  mice.  Studies  monitored  the  growth  and  regression  of  schwannomas  and  meningiomas 
in  living  animals  over  time  with  periodic  histocytochemical  monitoring  of  gene  delivery  efficiency  and  pathology. 
Methods  for  monitoring  gene  delivery  and  tumor  volumes  in  living  animals  included  MRI,  bioluminescence  and 
near-infrared  fluorescence  (NIRF)  imaging,  including  development  of  a  novel  NIRF  probe  to  allow  assessment  of 
gene  delivery  and  tumor  apoptosis  in  vivo. 


4 


> 


BODY: 

Aim  I.  Evaluate  transgene  delivery  and  expression  in  schwannomas  and  meningiomas  in  mice  using  both 
HSV  amplicon  and  replication  competent  vectors. 

Task  1.  Establish  a  breeding  colony  of  NF2  transgenic  mice. 

We  received  a  shipment  of  14  transgenic  founders  (11  males  and  3  females  ages  13-20  months),  from  Dr.  Marco 
Giovannini  in  France  in  year  1  of  these  studies.  These  transgenic  mice  [PO-Sch-A  (39-121)]  express  a  dominant 
mutant  form  of  merlin  in  Schwann  cells  similar  to  a  mutant  protein  found  in  some  human  NF2  patients.  They 
typically  demonstrate  Schwann  cell  hyperplasias  and/or  schwannomas  in  80%  of  transgenic  mice  by  24  months  of 
age,  especially  in  the  spinal  ganglia  and  around  peripheral  nerve  endings  in  skeletal  muscle  (Messerli  et  al.,  2002), 

The  transgenic  founders  went  through  a  6-week  period  of  quarantine  and  pathogen  testing  and  were  then  cleared  for 
entry  into  the  Massachusetts  General  Hospital  (MGH)  transgenic  facility.  Genotyping  in  the  form  of  tail  clipping 
and  PCR  analysis  was  performed  on  these  mice  to  confirm  that  they  have  the  mutated  NF2  transgene  (Fig.  1).  A 
breeding  colony  was  established  by  backcrossing  these  transgenic  mice  to  wild-type  FVBN  mice  and  then 
backcrossing  the  FI  generations  with  each  other.  These  mutant  offspring  were  maintained  for  experiments  for  the 
remaining  two  years  of  the  project.  This  provided  an  ongoing  source  of  animals  for  MRI  imaging  of  tumors  as  they 
arose  and  for  evaluation  of  gene  delivery  and  therapeutic  efficacy  of  vectors. 

Task  2.  Set  up  meningioma  tumor  model. 

a)  Characterization  of  the  merlin  status  of  meningioma  cell  lines 

In  order  to  create  a  meningioma  animal  model,  we  screened  13  cell  lines  derived  from  human  meningiomas  of 
patients.  These  meningioma  cell  lines  were  tested  first  for  the  presence  of  merlin,  the  protein  encoded  by  the  NF2 
tumor  suppressor  gene  by  western  blotting  in  collaboration  with  Dr.  Ramesh  (Fig.  2).  Of  these  cell  lines,  eight 
were  positive  for  immunoreactive  merlin,  while  five  were  negative  by  this  assessment.  For  example,  the  slowly 
growing  benign  meningioma  cell  line,  MN-52  did  not  express  merlin,  while  the  malignant  meningioma  cell  line, 
F5,  was  merlin  positive.  Immunocytochemical  studies  confirmed  that  this  F5  meningioma  cell  line  expressed 
merlin  using  a  monoclonal  antibody  to  merlin  developed  in  Dr.  Ramesh’ s  laboratory.  In  further  studies,  we  showed 
that  this  cell  line  expressed  two  markers  for  meningioma  cells:  vimentin  and  the  epithelial  membrane  antigen 
(EMA). 

b)  Meningioma  cell  lines  are  infectable  with  HSV  amplicon  vectors 

We  also  tested  whether  human  meningioma  cell  lines,  both  merlin-positive  and  merlin-negative,  were  infectable 
with  HSV  amplicon  vectors,  which  contained  an  expression  cassette  for  green  fluorescent  protein  (GFP). 
Infectability  of  the  meningioma  cell  lines  with  HSV  amplicon  vectors  was  assessed  by  Fluorescence  Activated  Cell 
Sorting  (FACS)  analysis,  using  a  fluorescein  filter,  as  a  function  of  Multiplicity  of  Infection  [M.O.I.;  transducing 
units  (tu)  per  cell]  or  by  counting  the  number  of  GFP  positive  cells.  The  meningioma  cell  line,  MN-52,  was  found 
to  be  highly  infectable  with  HSV-1  virions,  with  over  50%  infection  at  an  M.O.I.  of  3  tu  per  cell.  Likewise,  the 
malignant  meningioma  cell  line  F5  was  also  highly  infectable,  as  indicated  by  the  large  number  of  green  cells  at 
M.O.I.  =  0.5  to  M.O.I.  =  2, 48  hrs  after  infection  (Fig.  3). 

c)  In  vivo  studies  involving  injection  of  meningioma  cell  lines  into  the  ventricles  of  nude  mice 

We  conducted  in  vivo  studies  to  determine  whether  we  could  identify  a  human  meningioma  line,  that  could  form 
tumors  in  mouse  brain.  Merlin-positive  or  merlin-negative  meningioma  cells  (5  x  10^  cells)  were  injected  into  the 
right  brain  ventricles  of  immunodeficient  (nude)  mice  and  tumor  growth  was  monitored  in  these  animals  by  MRI, 
animal  health,  and  histopathology.  Injection  of  the  merlin-negative  MN-52  into  the  ventricles  did  not  result  in 
tumor  formation.  However,  injection  of  the  merlin-positive  meningioma  cell  line  F5  generated  tumors  as  assessed 
by  MRI  and  histology.  Histopathology  demonstrated  a  malignant  tumor  in  the  right  ventricles  that  invaded  the 
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surrounding  parenchyma  by  4  weeks  following  injection  of  F5  cells  into  the  ventricle  (Fig.  4).  This  model  was  not 
deemed  optimal  for  experimental  therapeutic  studies  due  to  its  invasive  nature  and  consequent  difficulties  in 
volumetric  analyses.  To  try  to  restrict  growth  in  the  brain  to  a  particular  location  we  also  established  tumors  in  a 
two-step  procedure  in  collaboration  with  Drs.  Samuel  Rabkin  and  Robert  Martuza  (MGH).  Human  meningioma 
cells  (line  F5)  were  first  implanted  subcutaneously  into  the  flanks  of  nude  mice.  After  tumors  were  established 
(about  4  weeks  after  implantation),  they  were  removed  and  a  portion  was  implanted  into  the  subdural  space  in  the 
brains  of  a  new  cohort  of  nude  mice.  MRI  imaging  revealed  the  development  of  large  subdural  meningiomas  in 
these  mice,  which  compressed  surrounding  brain  tissue,  such  as  the  lateral  ventricles. 

d)  Generation  of  brain  tumors  in  NF2  floxed  mice 

In  the  second  year  of  the  grant,  we  established  a  colony  of  NF2  floxed  mice,  in  which  exon  2  of  the  NF2  gene  is 
flanked  by  lox  P  sites  (Giovannini  et  al.,  2000).  This  floxed  NF2  allele  is  fully  functional  in  parental  mice,  but  if 
Cre  recombinase  is  expressed  in  any  cells  of  the  stnimal,  the  floxed  NF2  allele  has  a  high  probability  of  being 
inactivated  by  excision  of  exon  2.  Giovannini  et  al.  (2000)  demonstrated  that  when  these  mice  were  crossed  with 
transgenic  mice  expressing  Cre  under  the  PO  promoter,  which  is  active  in  Schwann  cells,  they  form  schwannomas 
at  high  frequency.  Further,  when  an  adenovirus  vector  expressing  Cre  was  injected  into  the  ventricles  of  these 
floxed  mice  soon  after  birth,  they  formed  meningiomas  (Kalamarides  et  al.,  2002).  Given  the  relative  toxicity  of 
adenovirus  vectors,  we  have  repeated  this  later  experiment  with  an  HSV-1  amplicon  vector  expressing  Cre  by 
injecting  this  vector  subcutaneously  or  into  the  ventricles  of  NF2  floxed  pups  or  adult  mice.  So  far  in  3  newborn 
pups  injected  with  this  vector  and  screened  by  MRI  we  have  detected  possible  brain  tumors  in  2  of  them  at  3 
months  after  injection  (Table  1).  To  further  characterize  these  tumors,  immunocytochemistry  is  being  conducted  to 
determine  if  they  are  vimentin,  EMA  and/or  SlOO  positive.  In  4  adult  mice  injected  with  the  HSV-1  Cre  vector 
subcutaneously,  one  developed  an  intraocular  malignant  peripheral  nerve  sheath  tumor  (MPNST,  Fig.  5)  detected 
by  MRI  8  months  post-injection.  This  suggests  that  the  vector  can  travel  through  the  blood  stream  to  Schwann  cells 
throughout  the  body.  Histology  showed  spindle  cells  arranged  in  interlacing  whorls  and  short  stacks  characteristic 
of  MPNSTS  (Fig.  6).  Mitotic  figures  indicated  malignancy  and  the  tumor  stained  positively  for  SlOO.  This  new 
floxed  NF2  model  will  provide  a  complementary  means  of  assessing  therapeutic  efficacy  of  these  vectors  and 
should  provide  a  more  abundant  source  of  tumors  in  a  known  location  for  evaluation,  thus  facilitating  assessment  of 
therapeutic  paradigms. 

Task  3.  Evaluate  detectability  and  growth  of  tumors  using  MRI  and  correlative  histochemical  analysis, 
a)  Detection  of  schwannomas  in  NF2  transgenic  mice  by  MRI 

Note,  All  tables  and  figures  referred  to  in  this  section  in  italics  are  from  Messerli  et  al,  2002,  appendix. 

We  have  conducted  MRI  in  collaboration  with  Dr.  Yi  Tang  in  Dr.  Ralph  Weissleder’s  group  at  MGH  on  a  set  of  14 
NF2  transgenic  mice  between  9-18  mo  of  age  (Messerli  et  al.,  2002).  Overall,  approximately  77%  (10/13)  of  these 
mice  showed  putative  tumors  by  MRI.  More  specifically,  31%  (4  of  13)  of  these  mice  showed  tumors  in  the 
intercostal  muscles  and  15%  (2  out  of  13)  had  tumors  in  the  limb  muscles  {Table  1).  Figure  1  from  this  paper 
illustrates  MRI  images  of  a  male  mouse,  which  had  tumors  in  the  muscles  of  the  right  forelimb  {Panels  A-C)  and  in 
the  intercostal  muscles  (D-F).  Imaging  sequences  included  conventional  T1  and  T2  weighted  spin  echo  sequences 
with  a  512  X  192  matrix,  8  cm  field  of  view,  and  a  1.5  mm  slice  thickness,  yielding  a  spatial  resolution  of  156  (xm 
X  312  ^m  X  1500  \im.  Using  a  TW  weighted  sequence  (TlWl),  the  tumors  displayed  isointensity  with  other 
organs  {Fig,l  A,  D).  Under  the  T2W1  fat  saturation  (FS)  sequence,  the  tumors  were  hyperintense  {Fig,l  B,  F). 
After  contrast  administration  (GDTl),  the  tumors  demonstrated  strong  enhancement  {Fig.  1  C,  F).  Since  the 
images  resulting  from  the  T1  Wl,  T2FS,  and  GDTl  sequences  showed  a  signal  intensity  characteristic  of 
schwannomas  and  this  transgenic  strain  of  mice  has  a  high  incidence  of  schwannomas  (Giovannini  et  al.,  1999), 
these  tumors  were  thought  likely  to  be  NF2  derived  schwannomas.  This  was  confirmed  by  histology  {Fig.  2  A-C) 
and  immunohistochemistry  {Fig.  2  D-F).  For  histopathological  analysis,  H  and  E  staining  was  performed  on 
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paraffin  embedded  sections.  The  tumor  was  dispersed  among  the  muscle  fibers  (Fig.  2  A,  B)  of  the  right  forelimb. 
Schwann  cell  hyperplasias  were  also  evident  within  the  muscle  fibers  (Fig.  2C). 

b)  Correlation  of  MRI  imaging  and  histopathology  in  NF2  transgenic  mice 

Those  mice,  which  had  tumors  as  diagnosed  by  MRI,  were  sacrificed  for  histopathological  analysis.  Necropsy  was 
performed  with  the  help  of  Dr.  Roderick  Bronson  at  Harvard  Medical  School.  Tumor  tissue  was  fixed  in  10% 
formalin  prior  to  being  embedded  in  paraffin,  sectioned,  and  stained  with  H  and  E.  Immunohistochemistry,  using  a 
polyclonal  antibody  to  S-100  (Dako  Corporation,  Carpinteria,  CA),  on  tumor  sections  from  the  right  forelimb  of 
this  mouse  also  supported  the  Schwann  cell  origin  of  these  tumors  (Fig.  2).  Positive  immunostaining  was  present 
in  paraffin  sections  from  the  intramuscular  tumor  (Fig.  2D),  but  absent  in  sections  from  non-tumor  tissue  (Fig.  2E), 
and  absent  when  incubated  with  secondary  antibody  alone  (Fig.  2F).  Histopathology  revealed  Schwann  cell 
hyperplasias  in  the  nerves  innervating  the  limb  muscle  (Fig.  2C).  This  data  indicates  that  this  intramuscular  tumor 
contained  cells  of  Schwann  cell  lineage.  Overall,  histopathology  demonstrated  that  schwannomas  and  Schwann  cell 
hyperplasias  were  found  in  75%  (3  of  4)  mice  of  both  sexes  examined. 

Approximately  66%  (2  out  of  3  mice  imaged  by  MRI)  of  the  female  mice  had  uterine  tumors.  Figure  3  illustrates 
MRI  images  of  a  uterine  tumor  from  one  of  these  mice.  Using  a  TW  weighted  image  sequence  (TlWl),  the  tumor 
displays  isointensity  with  other  organs  (Panel  A).  Using  the  T2W1  fat  saturation  sequence,  the  tumor  has  marked 
hyperintensity  (B-D)  and  well-defined  with  a  sharp  margin.  These  imaging  characteristics  are  similar  to  those 
observed  following  the  detection  of  schwannomas  in  human  patients  (Abe  et  al.,  2000;  Hayasaka  et  al,,  1999; 
Hayashi  et  al.,  1996;  Soderlund  et  al.,  1994).  Necropsy,  a  gross  examination,  and  histology  confirmed  that  uterine 
tumor  in  the  female  mouse  was  a  schwannoma.  Figure  4  illustrates  the  gross  anatomy  of  this  uterine  tumor,  while 
Figure  5  shows  the  histology  confirming  the  MRI  diagnosis.  The  H  and  E  staining  of  uterine  tumor  sections 
reveals  that  the  cells  comprising  the  tumor  have  relatively  abundant,  faintly  eosinophilic  cytoplasm  without 
discernible  cell  margins  (Fig.  JA)  and  blunt-ended  spindle  nuclei  (Fig.  SB),  which  are  characteristic  features  of 
Schwann  cells  in  schwannomas  (Woodruff  et  al.,  2003).  Histology  of  other  tissues  removed  from  the  animal 
confirmed  that  the  large  intestine  had  a  colonic  polyp  with  some  dysplasia,  and  the  gut  had  a  small  leiomyoma  and 
a  few  tumors,  which  resembled  schwannomas.  The  uterine  tumor  illustrated  in  Figures  3^6  also  stained  positively 
for  S-100.  These  data  indicate  that  the  tumors  detected  by  MRI  and  histology  in  the  NF2  transgenic  mice  PO-Sch- 
A  (39-121)  have  Schwann  cell  origin,  and  are  thus,  schwannomas.  These  data  are  consistent  with  studies  indicating 
that  these  NF2  dominant  mutant  transgenic  mice  have  a  high  incidence  of  Schwann  cell-derived  uterine  tumors 
(Giovannini  et  al.,  1999)  and  demonstrate  that  such  tumors  are  detectable  in  living  animals  by  MRI.  In  one 
exception  to  this,  MRI  did  not  detect  a  tumor  in  one  animal,  which  was  revealed  by  histology  and  shown  to  be  a 
schwannoma  in  the  anterior  horn  of  the  spinal  cord.  In  this  case,  the  tumor  cells  invaded  the  white  matter  of  the 
spinal  cord  and  disrupted  the  normal  symmetry  of  the  spinal  cord. 

c)  Further  characterization  of  schwannomas  in  NF2  transgenic  mice 

Other  immunohistochemical  studies  confirmed  that  the  tumor  sections  from  NF2  transgenic  mice  were  positive  for 
VSV-G,  the  antigenic  marker  incorporated  into  the  mutated  NF2  transgene  under  the  control  of  the  Schwann  cell- 
specific  PO  promoter  (Fig.  7).  Histological  staining  for  myelin  indicated  that  the  schwannomas  did  not  have 
detectable  amounts  of  this  protein,  consistent  with  previous  evidence  of  disaggregation  of  myelin  sheaths  in 
vestibular  human  schwannomas  (Sans  et  al.,  1996), 

Task  4.  Evaluate  marker  gene  delivery  and  expression  in  tumors  mediated  by  HSV  vectors. 

Gene  delivery  and  expression  was  evaluated  using  two  types  of  HSV-1  virus  vectors:  amplicon  vectors  and 
recombinant  virus  vectors.  Non-replicating  amplicon  vectors  express  genes  only  in  initially  infected  cells  and 
genes  are  lost  over  time  if  these  cells  divide.  In  contrast,  recombinant  virus  vectors  express  genes  in  both  initially 
infected  and  secondarily  infected  cells,  with  expression  being  lost  as  the  virus  replicates  in  thereby  kills  the  infected 
cells  and  being  extended  as  progeny  virus  infect  surrounding  cells  progressively  over  time.  In  the  first  year  of 
funding,  both  schwannoma  cells  from  the  transgenic  mice  and  meningioma  cells  from  human  NF2  patients  in 
culture  were  shown  to  be  highly  infectable  with  HSV  vectors.  In  the  second  year  we  tested  infectability  of 
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schwannomas  in  transgenic  mice  in  vivo  and  human  meningioma  cells  in  culture  and  in  vivo.  Schw^annomas 
visualized  by  MRI  were  injected  with  HSV  amplicon  vector  expressing  the  firefly  luciferase  gene  (5  x  10  tu  in  10 
\i\).  Forty-eight  and  72  hrs  later  animals  were  injected  intraperitoneally  with  the  substrate,  luciferin,  and  imaged 
using  a  CCD  camera  (Fig.  7).  A  robust  signal  was  seen  at  48  hrs,  which  decreased  by  72  hrs  post-infection, 
probably  indicating  loss  of  the  transgene  through  cell  division. 

We  have  also  investigated  the  infectability  of  schwannomas  with  the  replication-conditional  recombinant  virus 
vector,  G47A,  This  vector  is  mutated  in  the  genes  for  ICP6  and  734.5,  which  allows  selective  replication  in 
dividing  cells,  while  sparing  non-dividing  cells.  Since  most  cells  in  the  adult  nervous  system  are  non-dividing,  this 
cytotoxicity  is  selective  for  tumor  cells.  In  addition,  the  vector  is  deleted  for  the  gene  encoding  ICP47,  which 
enhances  presentation  of  viral  antigens  via  MHC  Class  I,  and  thus  cells  infected  with  this  vector  are  susceptible  to 
tumor  infiltrating  lymphocytes  (Todo  et  al.,  2001).  G47A  also  contains  the  reporter  gene,  lacZ,  in  place  of  the  ICP6 
gene  to  facilitate  tracking  of  vector-infected  cells.  Several  experiments  indicate  that  the  schwannomas  are  highly 
infectable  with  this  HSV  vector.  Two  months  after  infection  of  schwannomas  with  G47A  with  consequent 
regression  of  tumors,  the  tumors  was  removed,  fixed,  sectioned,  and  analyzed  by  immunocytochemistry  for  P- 
galactosidase  expression  (Fig.  8).  In  order  to  determine  if  the  infected  cells  with  G47A  were  schwannomas,  we  also 
immunostained  sections  of  tumors,  which  were  infected  with  G47A  with  a  polyclonal  antibody  to  S-100.  The 
staining  pattern  for  S-100  was  similar  to  that  for  P-galactosidase  (Fig.  8A),  suggesting  that  the  schwannoma  cells 
themselves  are  infectable  with  HSV-1  virions. 

Aim  n.  Optimize  conditions  for  reduction  of  tumor  mass  using  vectors  encoding  prodrug  activation 
enzymes  combined  with  systemic  prodrug  administration. 

Task  1.  Generate  therapeutic  vectors  and  test  vector  stocks. 

This  work  has  taken  three  directions.  First,  based  on  the  high  infectability  of  schwannomas  with  HSV-1  oncolytic 
vectors  (see  Aim  I,  Task  4,  Fig.  8),  we  decided  to  explore  the  direct  therapeutic  potential  of  these  vectors.  For  this 
evaluation  we  used  the  recombinant  virus  vector  G47A.  High  titer  stocks  [10^^  plaque  forming  units  (pfu)/ml]  of 
G47A  are  available  through  our  collaborators,  Drs.  Samuel  Rabkin  and  Robert  Martuza.  This  vector  was  injected 
directly  into  schwannomas  with  subsequent  reduction  in  tumor  mass,  as  assessed  by  MRI.  This  is  shown  in  Figure 
9  for  one  animal  with  bilateral,  intramuscular  schwannomas  in  which  one  flanking  tumor  was  injected  with  1x10 
pfu  of  G47A  in  each  of  two  injections  (30  |j,l/injection),  while  the  other  tumor  on  the  contralateral  side  was  injected 
in  parallel  with  a  control  HSV  amplicon  vector.  MRI  imaging  was  carried  out  5,  13  and  21  days  following 
injection  of  the  vectors.  The  volumes  of  the  tumors  injected  with  therapeutic  and  control  vectors  were  evaluated 
using  NIH  image  J  analysis.  The  tumor  injected  with  G47A  decreased  in  size  by  over  75%  in  a  three-week  period 
following  injection,  while  the  tumor  injected  with  the  control  vector  doubled  in  size  over  this  same  period  (Fig.  10). 
We  are  pursuing  these  findings  in  more  animals  to  quantitate  volumetric  changes  over  time  in  untreated  tumors, 
tumors  treated  with  G47A,  and  tumors  treated  with  control  vectors.  In  addition,  we  are  examining  other  organs  in 
the  animals  for  vector  biodistribution  and  possible  toxicity  due  to  the  G47A  treatment. 

In  a  second  therapeutic  paradigm  we  incorporated  a  cassette  for  HSV-1  thymidine  kinase  (TK)  and  bacterial 
cytosine  deaminase  (CD)  into  the  retrovirus  vector  component  of  the  HSV/EBV/RV  (tribrid)  hybrid  amplicon 
vectors  (Sena-Esteves  et  al.,  1999;  Mydlarz  et  al.,  2002),  these  vector  also  bears  the  latent  origin  of  DNA 
replication  and  EBNAl  gene  from  Epstein  Barr  Virus  (EBV)  to  allow  maintenance  of  the  amplicon  DNA  in  the 
host  cell  by  replication,  and  components  of  retrovirus  particles  for  production  of  retrovirus  vectors.  Our  proposed 
strategy  was  to  use  this  vector  to  convert  neuroprecursor  cells  into  retrovirus  vector-producing  cells.  These  cells 
were  chosen  as  delivery  vehicles  as  they  migrate  to  and  infiltrate  tumors  in  the  brain  and  throughout  the  body 
(Aboody  et  al.,  2000;  Brown  et  al.,  in  press;  Tang  et  al.,  2003),  We  have  shown  that  the  mouse  neuroprecursor  cell 
line,  C17.2  (Aboody  et  al.,  2000)  is  highly  infectable  with  HSV  amplicon  vectors  and  can  produce  retrovirus 
vectors  at  relatively  high  titer  following  infection  with  the  HSV/EBV/RV  amplicon  vectors  (Mydlarz  et  al.,  2002). 
Further,  in  a  model  of  experimental  brain  gliomas,  injection  of  Cl 7. 2  cells  infected  with  a  tribrid  vector  encoding 
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the  TK  and  CD  prodrug  activating  enzymes  near  the  tumors  was  shown  to  reduce  tumor  volume  after  prodrug 
administration  (Mydlarz  et  aL,  2002).  In  order  to  avoid  using  C17.2  cells,  which  have  been  immortalized  with  an 
one  gene  and  hence  have  a  small  chance  of  producing  tumors  in  their  own  right. 

In  a  third  therapeutic  approach  we  cloned  an  expression  cassette  for  the  apoptotic  protein,  caspase-1  into  an  HSV-1 
amplicon  vector  bearing  a  GFP  reporter  gene  (Fig.  11)  (Messerli  et  aL,  submitted).  Tumor  cells  infected  with  this 
vector  (GFP-positive)  underwent  apoptosis  (TUNEL-positive)  and  could  be  imaged  using  an  NIRF  probe 
selectively  activated  by  caspase-1  in  culture  (Fig.  12)  and  in  vivo  (Fig.  13).  Thus,  this  vector  allows  a  means  to 
induce  death  of  tumor  cells  and  to  image  expression  of  the  “death  enzyme”  in  vivo.  This  basic  HSV-1  amplicon 
vector,  which  lack  retrovirus  and  EBV  sequences  should  be  readily  compatible  with  clinical  trials. 

Task  2.  Evaluate  retrovirus  production  by  HSV/EBV/RV  amplicon  vectors  in  cultured  schwannoma  and 
meningioma  cells. 

This  task  was  not  completed  in  its  entirety.  We  were  able  to  culture  normal  neural  precursor  cells  from  mouse 
embryos  and  showed  they  were  infectable  with  the  HSV/EBV/RV  amplicon  vector  and  produced  retrovirus  vectors. 
However,  we  chose  to  concentrate  our  efforts  on  Task  4  below  due  to  very  encouraging  therapeutic  results  with  the 
oncolytic  HSV-1  vectors  and  the  higher  potential  for  translation  into  clinical  trials  of  a  strategy  incorporating 
replication-conditional  HSV-1  vectors  than  one  utilizing  neuroprecursor  cells  and  amplicon  vectors  containing 
multiple  viral  elements.  An  HSV-1  recombinant  vector  similar  to  G47A,  termed  G207  (deleted  for  ICP6  and  y34.5, 
but  not  for  ICP47)  has  been  tested  in  Phase  I  clinical  trials  for  glioblastoma  and  prostate  cancer  (Markert  et  aL, 
2000;  Martuza  et  al.,  ongoing).  These  trials  are  designed  to  test  toxicity,  and  to  date  no  adverse  events  attributable 
to  the  vector  have  been  found  at  doses  up  to  10^  pfu  injected  directly  into  the  brain.  In  contrast  neither  HSV 
amplicon  vectors  nor  neuroprecursor  cells  have  been  tested  in  clinical  trials,  and  HSV/EBV/RV  amplicon  vectors 
present  the  additional  risk  of  oncogenic  mutagenesis  by  insertion  of  retroviral  genomes  into  host  cells.  HSV-1 
amplicon  vectors  also  have  less  potential  potency,  as  compared  to  recombinant  virus  vectors,  in  terms  of  the 
number  of  vector  particles  that  can  be  delivered  into  the  tumor. 

Task  3.  Maximize  tolerable  prodrug  treatments  in  non-tumor  bearing  animals. 

This  work  was  not  carried  out  as  part  of  this  study,  but  was  done  for  another  project  (Aghi  et  al.,  1998). 

Task  4.  Test  therapeutic  efficacy  of  vectors  in  tumor  models. 

We  have  tested  the  most  promising  vector  strategy  for  efficacy  in  treating  experimental  NF2  tumors.  Recombinant 
G47A  vector  has  been  injected  into  5  schwannomas  in  NF2  transgenic  mice.  There  was  a  remarkable  consistency 
in  response  with  tumors  shrinking  in  volume  (as  assessed  by  MRI)  by  about  80%  within  1  month  after  injection 
(Fig.  14).  The  rate  of  regression  was  greatest  in  the  initial  10  days  after  injection  and  slowed  following  that  time. 
This  is  probably  because  the  immune  system  curtailed  virus  spread  over  time,  which  although  a  possible  limitation 
for  therapy,  is  at  the  same  time  a  safety  feature  for  use  of  the  vector.  Vector  replication  appeared  to  “smoulder”  on 
in  the  tumors,  however,  as  2  months  after  injection  virally  infected  cells  in  the  tumor  could  still  be  detected  by  P- 
galactosidase  staining  (Fig.  8B).  Animals  were  healthy  throughout  this  period.  In  another  tumor  model, 
schwannoma  tissue  (Fig.  15)  removed  from  a  schwannomatosis  patient  of  Dr.  Mia  McCollin  was  implanted 
subcutaneously  in  nude  mice  and  shown  by  MRI  to  form  a  tumor.  Injection  of  G47A  into  this  tumor  resulted  in 
marked  regression  in  tumor  volume  by  80%  within  1  week  (Fig,  16).  This  finding  is  remarkable  in  that  provides 
preliminary  evidence  that  human  schwannomas  are  vulnerable  to  the  G47A  vector.  This  effect  may  have  been 
potentiated  to  some  extent  by  the  immune  deficiency  of  the  host,  thus  allowing  virus  replication  to  proceed  rapidly. 
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KEY  RESEARCH  ACCOMPLISHMENTS: 


•  Detection  and  volumetric  assessment  of  schwannomas  in  a  transgenic  murine  model  for  NF2  by  MRI 

•  Correlation  of  tumor  diagnosis  by  MRI  and  histopathological  analysis 

•  Characterization  of  Schwann  cell  origin  of  schwannomas  and  Schwann  cell  hyperplasias  found  in  a  transgenic 
murine  model  for  NF2 

•  Infectability  of  schwannomas  and  meningiomas  with  HSV-1  amplicon  vectors  and  replicational -conditional  virus 
vectors 

•  Characterization  of  merlin  status  of  13  meningioma  cell  lines 

•  Reduction  of  schwannoma  volume  in  NF2  transgenic  mice  by  injection  of  oncolytic  HSV-1  vector,  G47A  (n  =  5) 

•  Development  of  an  NF2  meningioma  model  by  implantation  of  human  meningioma  tissue  into  the  subdural  space 
of  nude  mouse  brain,  and  development  of  schwannoma  model  by  implanting  human  schwannoma  tissue 
subcutaneously  in  nude  mice 

•  Testing  of  new  reporter  proteins,  luciferase  and  caspase-1,  to  allow  visualization  of  gene  delivery  to 
schwannomas  in  living  mice  by  bioluminescence  imaging  and  near  infrared  imaging,  respectively 

•  Demonstration  of  the  specificity  of  NIRF  probe  for  caspase-1  and  ability  of  HSV  amplicon  vector  to  elicit 
apoptosis  in  glioma  cells  in  culture 
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CONCLUSIONS: 

These  studies  have  made  several  important  contributions  to  the  development  of  novel  therapies  for  schwannoma 
and  meningioma  tumors  found  in  NF2  patients  in  the  areas  of  characterization  of:  experimental  animal  models; 
evaluation  of  tumor  site,  volume  and  infectability  by  in  vivo  imaging  methods;  and  development  of  therapeutic  viral 
vectors  designed  to  “shrink”  tumor  volumes  by  direct  injection.  These  studies  provide  a  basis  for  focused 
preclinical  studies  in  these  experimental  mouse  models  to  explore  the  therapeutic  potential  of  vectors,  as  well  as 
drugs. 

Several  mouse  models  for  each  of  these  lesions  have  been  further  characterized,  including  a  transgenic  and  floxed 
mouse  model,  originally  developed  by  Dr.  Marco  Giovannini  (Giovannini  et  al.,  1999  and  2000).  Spontaneous 
schwannomas  were  detected  and  their  growth  tracked  by  MRI  in  the  transgenic  model.  We  also  explored  injection 
of  HSV-1  amplicon  vectors  expressing  Cre  recombinase  subcutaneously  and  into  the  ventricles  of  floxed  mice,  both 
newborn  and  adult,  with  preliminary  evidence  indicating  the  formation  of  brain  tumors,  including  a  malignant 
peripheral  nerve  sheath  tumor.  In  a  parallel  approach,  human  meningioma  and  schwannoma  cells/tissue  was 
implanted  subdurally  or  subcutaneously  into  the  flanks  of  nude  mice,  with  MRI  evidence  of  tumor  growth  and 
correlative  histology.  These  studies  support  the  usefulness  of  the  transgenic  NF2  model  as  a  means  to  reproducibly 
generate  schwannomas  with  a  similar  genetic  etiology  to  human  NF2  tumors,  with  most  animals  developing  these 
tumors  between  9  —  18  months  of  age.  The  limitations  of  this  model  are  the  time  to  tumor  formation,  which 
increases  animal  costs,  and  the  disparate  location  of  tumors,  which  can  make  injections  difficult  and  may  result  in 
intrinsic  differences  in  growth  rate.  The  floxed  NF2  model  provides  the  potential  to  generate  tumors  in  reproducible 
locations  by  directed  injection  of  HSV-1  amplicon  vectors  expressing  Cre  recombinase,  but  further  studies  are 
needed  to  determine  the  frequency  of  these  lesions  and  their  histology.  The  human  tumor  implantation  models 
provide  a  cross  check  on  the  ability  of  these  vectors  to  infect  and  reduce  the  size  of  tumors  found  in  patients. 

Small  animal  MRI  imaging  proved  effective  at  locating  schwannoma  and  meningioma  tumors  in  mice  and  tracking 
volumetric  changes  in  them  over  time.  By  defining  growth  and  regression  parameters  in  transgenic  lesions,  it  is 
now  possible  to  plan  a  realistic  and  minimal  number  of  imaging  time  points  to  obtain  quantitative  assessment  of 
therapeutic  efficacy  using  different  treatment  paradigms.  Bioluminescence  imaging  proved  effective  in  determining 
the  efficiency  of  gene  delivery/expression  to  lesions  in  living  animals.  A  novel  imaging  modality,  NIRF,  was 
employed  to  evaluate  gene  delivery/expression  of  a  therapeutic  gene  encoding  the  apoptotic  protein,  caspase-1.  A 
novel  NIRF  probe  was  developed  that  was  specific  to  this  protease  and  shown  to  be  effective  in  imaging  gene 
delivery/expression  in  tumors  in  living  animals. 

Several  therapeutic  paradigms  employing  HSV-1  vectors  were  explored  for  reducing  the  mass  of  schwannomas  in 
mouse  models,  including  use  of  HSV-1  oncolytic  vectors,  HSV-1  amplicon  vectors  expressing  cell  death  proteins, 
and  neuroprecursor  cells  armed  with  hybrid  amplicon  vectors  expressing  prodrug  activating  genes.  Two  of  these 
strategies  appear  particularly  promising  based  on  the  high  infectability  of  these  tumor  cells  with  HSV-1  vectors  and 
on  their  potential  for  translation  into  clinical  trials.  The  oncolytic  HSV-1  vector  was  shown  to  lead  to  an  80% 
reduction  in  the  volume  of  schwannomas  in  transgenic  NF2  mice  (n  =  5)  within  a  few  weeks  following  direct 
injection.  Although  more  work  needs  to  be  done  to  increase  the  number  of  test  animals,  to  include  additional 
controls  and  to  evaluate  potential  toxicity,  this  approach  appears  to  be  worth  pursuing  at  the  preclinical  level  for 
potential  treatment  of  inoperable  tumors  causing  pain  or  compression  of  vital  tissues  in  NF2  patients.  The  HSV-1 
amplicon  vector  expressing  the  apoptotic  protein  caspase-1  was  shown  in  preliminary  studies  to  be  able  to  kill 
glioma  tumor  cells  in  culture.  Although  further  work  is  needed  to  evaluate  its  potency  against  schwannomas  and 
meningiomas,  it  should  have  less  potential  toxicity  than  the  oncolytic  vectors,  and  hence  also  appears  worth 
pursuing  in  parallel. 

For  future  studies  we  plan  to  join  forces  with  Drs.  Robert  Martuza  and  Samuel  Rabkin  at  our  institution  who  have 
pioneered  the  use  of  oncolytic  HSV-1  vectors  for  treatment  of  glioblastomas  and  have  proceeded  from  the 
development  of  these  vectors  in  the  laboratory  to  Phase  I  clinical  trials.  The  G47A  and  HSV  amplicon  caspase-1 


12 


vectors  will  be  evaluated  for  their  ability  to  reduce  mass  of  schwannoma  tumors  in  the  NF2  transgenic  model,  and 
hopefully  also  for  schwannomas  and  meningiomas  the  in  the  floxed  NF2  model.  This  work  will  include  vector 
biodistribution  and  toxicity  data  for  presentation  to  the  FDA  for  consideration  of  a  Phase  I  clinical  trial  in  NF2 
patients  bearing  inoperable  tumors  which  are  life  threatening. 
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detected  (-)  in  wildtype  FVBN  mice. 


(D 


I 


MRC5  (?  eon) 
F5  (+)  ^ 

Uterine 

schwannnoma 

MN  29  (-) 

MN  40  (+) 

MN  267;  (+) 

MN  269  (+) 
MN271  (+) 

MN  272  (+) 
MN  275 
MN276(+): 

MN2S79:li| 


SerSSSASilSltSJt^ 


it”  . 

3ft  3^it®'-.i*iSiSu 


o 


(D 

W) 

C>0 

Q 

C/D 


w  ^ 
<D 

>  O 

’C 

<o 
^3 


cd 


c/)  O 
(O 

■T— j  c 

o3 

cd  ^ 

B  ^ 

I  ^ 

51) 

s  ^ 

fl 

S  <u 

G  73 

4_i  cd 

c  o 

(D  ^ 

5r!  <1^ 

o  .S 

(1^ 

s  a 
a  ^ 

4h  <^-i 
(/3  ® 

I  a 

C  a 

(U 

bX)  bX) 
O  P 

s  u 

o  *3 
^  c 

^  TJ 
<u  p 

'+-(  ^ 
O  § 

3  g 

a  o 
S  I 

<u  a 
>  .2^ 

.  "S 

cs 

a  § 

^  g 

bx)  a 

•r^  ^ 

Ph  ^ 


Ponceau  S  staining  was  done  to  verify  that  equal  amounts  of  protein  were  loaded.  MRC5  is  a 
human  fetal  fibroblast  cell  lysate  used  as  a  positive  control  for  merlin.  Merlin  is  the  protein  product 
of  the  NF2  tumor  suppressor  gene  (arrow).  Primary  antibody,  MP8,  was  used  at  a  dilution  of  1:30 
(developed  in  Dr.  V.  Ramesh’s  laboratory)  and  the  secondary  antibody,  goat-anti-rabbit  IgG  HRP,  at  a 
1:10,000  dilution.  Film  was  exposed  for  1  hour. 


Figure  3.  Infectability  of  F5  meningioma  cells  with  an  HSV  amplicon  vector  containing 
CMV-driven  GFP,  20X.  Noninfected  cells  are  represented  in  Panel  A,  and  infected  cells 
at  a  MOI  =  0.5, 1  and  2  are  shown  in  Panels  B,  C  and  D,  respectively. 
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into  brains  of  nude  mice. 


Tumor  near  eye 


Figure  5.  MRI  indicating  homozygous  NF2  floxed  mouse  which  developed  a 
tumor  near  the  eye  6  months  after  subcutaneous  injection  of  HSV-CRE 
amplicon  vector.  Coronal  GdTl  slices,  1.5  mm  thickness,  consecutive  slices. 


NF2  floxed  mice  injected  with  HSV-Cre  amplicon  vector 


Figure  6.  Histology  and  S-100  immunostaining  of  floxed  eye  tumor  indicate  Malignant 
Peripheral  Nerve  Sheath  Tumor  (MPNST).  Spindle  cells  are  arranged  in  interlacing 
whorls  and  short  stacks  (A-B).  Tumor  sections  stain  positively  for  S-100  (C,D  lOX  and 
40X  respectively). 
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following  injection  of  amplicon. 
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for  S-100  [left]  and  p-gal  [right]). 


MRI  of  a  male  18  month  old  NF2  trangenic  mouse  with  bilateral  schwannomas  (A-D) 
suggests  regression  of  tumor  (E-H)  when  treated  with  G47A  (tumor  on  left, 
indicated  by  red  arrow)  21  days  following  injection  of  virus.  The  tumor  treated  with  a 
control  HSV  vector  (tumor  on  right,  indicated  by  blue  arrrow),  continued  to  grow. 


Before  injection  Day  5  Day  13  Day  21 

Days  post-injection 

Figure  10.  NF2  transgenic  male  mouse  with  two  subcutaneous  schwannomas,  one 
injected  with  G47A  and  the  other  with  control  HSV-1  vector  (HET2-luc) 
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activation  of  the  caspase  -1-  NIRP  probe  (C).  Vector  induced  apoptosis  was  blocked  by  co-incubation 
of  the  eells  with  the  vector  and  the  caspase- 1 -inhibitor  YVAD-emk,  indieated  by  a  reduced  number  of 
TUNEL  stained  cells  (E)  and  lower  level  aetivation  of  the  ICE-NIRF  probe  (F), 


Figure  13.  In  vivo  imaging  of  apoptosis  induced  by  injection  of  HSV-1  caspase-1  amplicon  vector 
into  a  primary  human  glioma  explant  (left)  followed  b  systemic  administration  of  caspase-1  NIRF  probe. 
Glioma  explant,  which  was  injected  with  control  HSV-1  vector  (right)  did  not  emit  a  fluorescent  signal. 


Figure  15.  Human  schwannoma  tissue  was  implanted  into  the  flank  of  a  nude  mouse.The  tumor 
was  subsequently  removed  and  H  &  E  stained  (A  20X,  B  lOOX).  Part  of  the  human  tumor  was 
also  cultured  and  stained  positively  (D)  for  SI 00.  C  is  the  brightfield  image  of  the  same 
cells  stained  in  panel  D. 
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re  16.  Volume  of  human  schwannoma  implant  in  an  immunodeficient  mouse  as 
imaging  over  time  following  direct  injection  of  G47A  vector  on  day  0  (baseline 


